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Abstract The effectiveness of Cr(VI)-based passiv-
ation treatments is well accepted but there are many
problems with regard to their environmental suitabil-
ity. Because these compounds are carcinogenic and
toxic, eco-friendly systems capable of replacing them
are being evaluated. In this work, the corrosion
behavior in 0.5 M NaCl solution of zinc coatings
deposited from a free-cyanide alkaline bath and
treated with Cr3+ based passivation coatings were
characterized through DC and EIS techniques. The salt
spray test as well as studies of the surface structure and
chemical composition were also performed. From
these analyses it was inferred that (1) the green-
colored Cr3+ passivated coatings provide better corro-
sion resistance than the yellow- and blue-colored
coatings, and (2) together with an adequate painting
system, they could be a less polluting and less toxic
alternative to traditional chromate coatings.
Keywords Conversion treatment, Corrosion,
Green technologies, Impedance spectroscopy, Salt
spray, Zinc
Introduction
Electroplated zinc coating is employed as an active
galvanic protection for steel. However, as the zinc is an
electrochemically high reactive metal, its corrosion rate
may be high indoors, but particularly high under
outdoor exposure conditions.1 For this reason, it is
necessary to have a post-treatment in order to increase
the lifetime of zinc coatings. In current industrial
practice, this treatment consists of immersion in a
chemical bath that forms a conversion layer on the
plated zinc. This latter layer is not only dielectrically
passivated, but also has high corrosion resistance and
offers a better surface for paint adherence. The main
problem with traditionally used post-treatments is the
presence of Cr6+ salts, considered carcinogenic sub-
stances, whose usage is forbidden by European norms.2
Chromium-like compounds such as molybdates, tung-
states, permanganates, and vanadates were the first
chemical elements tried as substitutes for hexavalent
chromium.3–8 Recently, many alternative coatings were
developed based on the zirconium and titanium
salts,9–11 cobalt salts,12,13 organic polymers,12,14–16 rare
earth salts,17–19 silane,20,21 and carboxyl.22 However, the
corrosion behavior of these coatings is not clear and the
practical usage of most of them is doubtful. A further
possibility is the use of pretreatments based on trivalent
chromium, which is not considered carcinogenic23 and
acts as a barrier (similar to hexavalent chromium).
The conversion treatment composition and mor-
phology are very important for corrosion protection.
Corrosion in green and yellow chromate coatings starts
and propagates at the bottom of their cracked areas.24
The cracks in the chromate coatings are attributable to
the tensile stress in the coatings, which increases with
the chromate layer thickness.25 On the other hand, it
was also reported that although chromate coatings have
cracks, excellent corrosion protection could still be
found, probably due to the coatings’ composition.24,26,27
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The length and size of cracks per unit area increase with
dipping times in the chromate bath.26
In order to find an alternative treatment to Cr6+
conversion coating, several treatments that present
good anti-corrosive behavior, high benefit/cost ratio
and, especially, low environmental impact need to be
developed. Usually, the coatings corrosion behavior is
evaluated using traditional tests such as salt spray,28
Kesternich,29 and saturated humidity.30 Nevertheless,
the electrochemical methods used to obtain fast
information about the corrosion reaction kinetics are
also an important complimentary tool to take into
account. Among the useful electrochemical techniques,
the electrochemical impedance spectroscopy (EIS) was
chosen based on the results obtained by others for
metal and metal-coated corrosion evaluation.31–34 As
well, polarization measurements were also used to
collect more information related to the corrosion
processes developing on the different replicates sub-
jected to the testing conditions later presented.
The main purpose of the work is to find an environ-
mentally friendly conversion treatment that can be used
for replacing the Cr6+ conversion treatment. Electro-
galvanized steel covered with alternative treatments,
free of Cr6+ ions, were investigated through AC and DC
electrochemical techniques. The EIS data were fitted
and interpreted by means of equivalent electrical circuit
models. Chemical composition and morphological
studies on the coatings’ surfaces were also performed.
Experimental details
Samples preparation
AISI 1010 steel sheets (7.5 9 10 9 0.1 cm) were indus-
trially electrogalvanized using a cyanide-free alkaline
bath containing Zn2+ 10–12 g L1, NaOH 130–140 g
L1, and commercial addition agents (temperature
25C, cathodic current density 2 A dm2). Immediately
after finishing the zinc deposition step, each sample was
coated with the make-up described in Table 1, accord-
ing to the operating conditions recommended by the
supplier. At the end of this step, samples were again
rinsed with deionized water and then dried.
Thickness measurements
Coating thickness was measured with a Helmut Fischer
DUALSCOPE MP40, according to ASTM B499:1996
(2002).
Quali-quantitative chemical analyses
and morphology
Coatings morphology was observed by SEM using a
LEO 440i microscope, while the composition was
determined using energy dispersive X-ray spectroscopy
(EDXS).
Electrochemical and corrosion behavior
The electrochemical cell consisted of a classic three-
electrode arrangement; where the counter electrode
(CE) was a platinum sheet, the reference electrode (RE)
was a saturated calomel electrode (SCE = +0.244 V vs
NHE), and the coated steel samples, with a defined area
of 15.9 cm2, acted as the working electrode (WE). All
measurements were performed at a constant room
temperature (22 ± 3C) in 0.5 M NaCl solution.
Potentiodynamic polarization experiments were car-
ried out using a Solartron 1280 electrochemical system
at a sweep rate of 0.2 mV s1, over the range
±0.250 V(SCE) with respect to the open-circuit poten-
tial (OCP). The electrodes were stabilized for several
minutes in the solution before starting each test.
Impedance spectra in the frequency range 103
Hz < f < 105 Hz were performed in the potentiostatic
mode at the open circuit potential, as a function of the
exposure time in the electrolyte solution, using a
Solartron 1255 Frequency Response Analyzer (FRA)
coupled to a Solartron 1286 electrochemical interface
(EI) and controlled by the ZPlot program from
Scribner Associates Inc. A sinusoidal signal with
amplitude of 15 mV was applied and 10 points per
decade were registered. The corrosion behavior was
analyzed until white corrosion products on the
Table 1: Coating films and operating conditions
Parameter Sample
UF UY Z80
Make-up, % v/v
Cr 0.02 0.03 0.14
S 0.02 – –
Zn Rest Rest Rest
Co – – 0.02
pH 1.9 1.8 1.6–2.1
Bath
temperature
(C)
25 25 60
Immersion time
(s)
30 30 60
Agitation Mechanical
Activation 0.5% HNO3 solution for 10 s and then
rinsed in deionized water
Film color Blue Yellow Green
iridescent
Total coating
thickness (lm)
16.00 ± 2.75 12.80 ± 0.37 10.4 ± 1.43
UF = passivation treatment = UniFix Zn-3-50 (LABRITS);
UY = passivation treatment = UniYellow 3 (LABRITS);
Z80 = passivation treatment = SurTec S680
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samples’ surface could be seen by the naked eye. The
experimental spectra were fitted and interpreted on the
basis of equivalent electrical circuits using software
(EQUIVCRT) developed by Boukamp.35 All imped-
ance measurements were performed with the electro-
chemical cell inside a Faraday cage to reduce external
interferences as much as possible.
The coatings’ corrosion resistance was also studied
by exposing replicates of the samples in a salt spray
chamber in accordance with ASTM B117:2002 (5%
NaCl, T = 35C). The surface percentage covered with
red rust was evaluated at various exposure times using
the ASTM D-610 standard.
In order to improve the experimental data repro-
ducibility in each one of the above-mentioned tests,
three replicates of each pre-treated specimen were
chosen after characterizing their surface parameters.
Results and discussion
The identification symbol, chemical composition, and
overall coating thickness of the tested samples are
summarized in Table 1, where the reported variation
of the average coating thickness values was attributed
to the measurement error as well as to the fact that the
galvanized steel sheets were produced, and the con-
version layer applied, under operating conditions of a
continuous galvanizing line, where these types of
variations are commonly found. The average thickness
of UF samples was higher than in UY and Z80
samples. Unfortunately, information related to the
specific thickness of the conversion layers was not
possible to obtain. With regard to other surface
characteristics, all of them were uniform and bright.
Table 1 also shows that results provided by the
surface coating analyses, made by EDXS, revealed the
presence of mainly Cr, Zn, S (in UF samples), and Co
(in Z80 samples). Cobalt ions added to these last
samples suggest an improvement in its corrosion
resistance,36 while the presence of sulfur in UY
samples was probably related to the sulphate ions
contained in the treatment bath.
Morphology
After the conversion treatment, the surface morphol-
ogy of the coatings was observed at up to 10009 by
SEM (Fig. 1). All the samples showed rough surfaces.
Likewise, UF samples (Fig. 1a) exhibited few sur-
face fissures (indicated by the black arrows), which
reduce its protective properties, while the UY samples
(Fig. 1b) showed homogenous structure with nodular
growth and small fissures. On the other hand, perhaps
because of its gel-like structure and lower thickness,
Z80 samples (Fig. 1c) did not present the crack-
networks characteristic of chromate coatings.24
(a) Sample UF (b) Sample UY 
(c) Sample Z80 
⎯⎯⎯ 10 µm
⎯⎯⎯ 10 µm
⎯⎯⎯ 10 µm
Fig. 1: Microstructure of the tested coatings
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Electrochemical behavior
Polarization curves
Potentiodynamic polarization curves were performed
for all the investigated samples. Figure 2 shows typical
curves obtained for passivated electrogalvanized steel
in contact with a chloride-containing solution.
From current density/electrode potential data
obtained in the potential range OCP ± 0.250 mV, the
corrosion current density values (jcorr) were deter-
mined from the Tafel line extrapolation of the anodic
j–E curve to the corrosion potential.37 The jcorr and
Ecorr data are summarized in Table 2.
As it can be seen, UY and Z80 samples present a
similar and nobler corrosion potential value than UF
samples, indicating a thermodynamic improvement in
corrosion resistance as well as a better barrier behav-
ior, probably due to the homogenous morphology of
their covering layer as shown in Figs. 1b and 1c. On the
other hand, the corrosion current density (jcorr) of Z80
samples is at least one order of magnitude less than
those corresponding to the other samples. Such a
decrease in the corrosion rate is attributable to the
effective inhibitive action afforded by the Co added to
the passive layer.36
EIS measurements
EIS measurements were carried out at room temper-
ature in NaCl 0.5 M solution until the appearance of
macroscopic white corrosion products on the sample
surfaces.
Representative Bode (impedance modulus and
phase angle vs frequency) plots as a function of the
exposure time in 0.5 M NaCl solution are presented for
UF (Figs. 3a and 3b), UY (Figs. 4a and 4b), and Z80
samples (Figs. 5a and 5b), where (a) represents short
immersion times (up to 24 h) and (b) long immersion
times. The electrical equivalent circuit used for fitting
such data is depicted in Fig. 6.
SHORT IMMERSION TIMES: At low frequencies, it was
observed that Z80 samples exhibit higher initial |Z|
values than UF and UY samples. This behavior is in
agreement with the results obtained from polarization
curves and confirms that the corrosion protection
provided by the Z80 conversion treatment is also more
effective due to its more compact coating structure.
After 60 min of exposure, the Z80 impedance values at
medium and low frequencies decreased approximately
one order of magnitude and remained at 103 X cm2,
suggesting an electrochemically active interface.
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Fig. 2: Polarization curves of UF, UY, and Z80 samples in
0.5 M NaCl solution
Table 2: Ecorr and jcorr values of Zn coatings after
applying the conversion treatment
Identification Ecorr
V(SCE)
jcorr
(lA/cm2)
UF 1.11 0.09
UY 1.04 0.30
Z80 1.04 0.02
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Fig. 3: Time dependence of UF samples impedance at
short (a) and long (b) immersion period in 0.5 M NaCl
solution
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Likewise, the impedance module values at high
frequencies, which are related to the barrier resistance
of the conversion coating, showed a fast decrease that
was related to the dissolution of this thin protective
layer.
By comparing UF and UY samples’ performance,
the slightly higher impedance values of UF samples
was in agreement with the small difference in corrosion
rates between the two as observed in Fig. 2. In
addition, changes in phase-angle values observed along
the entire range of frequencies suggest an active
mechanism of dissolution–passivation at the conver-
sion layer/zinc interface during the first steps of
exposure to the aggressive solution. This assumption
is confirmed by the appearance of two or more time
constants after 60 min exposure, and it can be related
to the presence of fissures in the conversion layer
(Figs. 1a and 1b).
LONG IMMERSION TIMES: As seen in Figs. 3a and 3b,
the main changes in UF samples took place during the
first day of immersion in the NaCl solution. Latterly,
the impedance module values at low frequencies, about
103–104 X cm2, are evidence of certain electrochemical
activity at the conversion treatment/zinc interface. This
behavior indicates that the zinc film thickness plays an
important role in corrosion protection when long
immersion times must be planned. A similar
performance was shown by UY (Fig. 4b) and Z80
samples (Fig. 5b), but with impedance module values
ranging from 102 to 103 X cm2.
In all the samples, changes in phase angle values
observed over the entire range of frequencies also
suggest an active mechanism of dissolution–passivation
at the conversion layer/zinc interface during long
exposure to the aggressive solution. In this sense, the
displacement of the point at which the phase angle
reaches its maximum value toward lower frequencies
indicates the continuous deterioration of the passive
layer protection and, consequently, the development of
a faster corrosion processes.
One of the more important difficulties for analyzing
the electrochemical impedance data from the imped-
ance spectra deconvolution is, in general, to find
an electrical equivalent circuit model and/or the
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Fig. 4: Time dependence of UY samples’ impedance at
short (a) and long (b) immersion period in 0.5 M NaCl
solution
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Fig. 5: Time dependence of Z80 samples’ impedance at
short (a) and long (b) immersion period in 0.5 M NaCl
solution
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Fig. 6: Equivalent circuit used to model the impedance
data of UF, UY, and Z80 samples submerged in 0.5 M NaCl
solution
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parameters needed to explain the corrosion behavior
of each analyzed system. In this paper, the equivalent
circuit model that allowed the description of the time
exposure dependence of such behavior in steel/zinc
coating/conversion layer/aqueous electrolyte systems is
shown in Fig. 6. In the figure, the first time constant
(R1CPE1) appeared at the higher frequencies and
represents the resistance to the ionic flux (R1) and the
dielectric capacitance (CPE1) of the conversion layer.
As the frequency values diminished, and taking into
account that the permeating and corrosion-inducing
chemicals (water, oxygen, and ionic species) reach the
electrochemically active areas of the substrate through
the coating pores characterized by R1, it is reasonable
to assume the corrosion process developing at the zinc
surface should be placed in series with R1. The R2 and
CPE2 parameters account for the charge transfer
resistance and the electrochemical double layer capac-
itance of the corrosion process, respectively. As a
result of the zinc dissolution, corrosion products
accumulate at the bottom of the pores. Their contri-
bution to the system impedance is characterized by the
R3 and CPE3 parameters.
37–40 The diffusional compo-
nent Zd obtained at certain exposure times was
associated with an oxygen diffusion-controlled reaction
usually found in zinc corrosion.41,42,43
All the time constants exhibited some Cole-Cole
type dispersion which had the corresponding ni param-
eter, being 0 < ni £ 1. Furthermore, distortions
observed in those resistive-capacitive contributions
indicate a deviation from the theoretical models in
terms of a time constants distribution due to either
lateral penetration of the electrolyte at the metal/
coating interface (usually started at the base of intrinsic
or artificial coating defects), underlying metallic sur-
face heterogeneity (topological, chemical composition,
surface energy), and/or diffusional processes that could
take place along the test. Since all these factors cause
the impedance/frequency relationship to be non-linear,
they are taken into consideration by replacing one or
more capacitive components (Ci) of the equivalent
circuit transfer function by the corresponding constant
phase element (CPE), for which the impedance may be
expressed as44–46:
Z ¼ jxð Þ
n
Y0
where Z(x) is the impedance of the CPE (Z = Z¢ +
jZ¢¢) (X), J is the imaginary number (j2 = 1), x is
the angular frequency (rad), n is the CPE power
(n = a/(p/2), a is the constant phase angle of the CPE
(rad), and Y0 is the part of the CPE independent of the
frequency (X1).
Difficulties are sometimes found in providing an
accurate physical description of the occurred processes.
In such cases, a standard deviation (v2) £ 5 9 104 was
used as final criterion by considering that the smaller
this value is, the closer the fit is to the experimental
data.35 In the present work, the fitting process was
mainly performed using the phase constant element
(CPEi) instead of the dielectric capacitance Ci.
However, this last parameter was used in the following
plots in order to facilitate the results visualization and
interpretation.
The R1, C1, R2, C2, R3, C3, and Zd parameter values
estimated from the impedance spectra fitting analysis
at short and long exposure times are respectively
reported in Figs. 7a–7g and 8a–8g.
Time dependence of the impedance resistive
and capacitive components
SHORT EXPOSURE TIME: As already mentioned, being
used without any other type of protection, the
extremely poor barrier properties provided by the
conversion layer made it possible for the zinc corrosion
reaction initiated just after immersion in the NaCl
solution. This fact is denoted by the oscillating R1
values in the ranges 102–103 X cm2 (UF and UY
samples), 103–105 X cm2 (Z80 samples), and also by
the low values, 106–104 F cm2 (UY and Z80
samples) and 5.105–103 F cm2 (UF samples) of
the dielectric capacitance (C1) coupled to the ionic flux
resistance (Figs. 7a and 7b).
Similarly, the evolution of the parameters associated
with the zinc dissolution (R2, C2) and corrosion
products development (R3, C3) (Figs. 7c–7f) reflects
that the increase of pathways through the conversion
layer for the electrolyte to reach the zinc film favors
not only the Cl reaction with this metal, and hence the
protective coating degradation, but also the accumula-
tion of corrosion products at the bottom of the pores.
After a certain induction period, the volume of these
products is high enough to act like a barrier delaying
the oxygen diffusion towards cathodic reaction areas
(Fig. 7g). Such behavior can often cause the process
controlling the corrosion-rate determining step to
change from activated to mass transport or a mixture
of the two. At the same time, the electrochemically
active area is being modified, and this led to the
observed fluctuating movement of the resistive and
capacitive components of the working electrode
impedance. In order to explain this performance, it
was assumed that the white rust either continuously
dissolved and/or eventually detached from the sub-
strate.47,48 The time dependence of all these parame-
ters showed in Figs. 7a–7g suggests that although with
kinetics defined by the surface topography and chem-
ical composition of each sample, the superficial condi-
tion of Z80, UF, and UY samples changed
continuously and dynamically from the beginning up
to 1000-min immersion.
LONG EXPOSURE TIME: As time went on, the behavior
differences found at short exposure times in NaCl
solution for Z80, UF, and UY samples became less
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significant (Figs. 8a–8g). Nevertheless, the number of
time constants deconvoluted from the impedance
spectra remained unchanged. Again, the worst
protective performance was showed by UF samples,
whose test was ended at 42-day exposure due to the
high and uniform degradation exhibited throughout all
the surface. In addition, mass transport control, as the
rate-determining step of the zinc corrosion reaction,
was found at zero immersion time, i.e., the high
corrosion rate was always under activated control
(zinc dissolution) probably due to the Cr(III) in the
conversion layer being too low (0.02%) to provide any
type of anticorrosive protection to the zinc substrate.
In agreement with the results obtained through the
other tests performed in the present work, the conver-
sion layer applied in Z80 samples offered the best
protective properties against the attack of the under-
lying zinc layer by, in this case, aqueous aggressive
medium containing a high Cl ion concentration. In
terms of such a performance, it was followed by UY
samples. The assumptions made for explaining these
results have been explained in previous paragraphs;
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however, it can be added that after certain exposure
time has elapsed, the value of the impedance compo-
nents of both sample types showed a trend to be closer
and stabilized.
Salt spray test
Salt spray tests were conducted with Z80, UF, and UY
samples. They were discontinued upon visual observa-
tion of red corrosion products on the surface. It is
important to note that the protective performance of
the coating passivation layer strongly depends on its
chemical composition and application parameters. This
is to say, as the coating Cr(III) content, thickness and
continuity increase, higher and longer corrosion pro-
tection is expected.
The surface degradation percentage vs exposure
time after the salt spray test for all the samples is
shown in Fig. 9. In this figure it can be seen that the
surface degradation of UF samples started earlier
(at 40 h exposure) and increased very fast, reaching
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50% at 500 h exposure. In UY and Z80 samples, the
process initiated at 170 and 190 h, respectively, but its
development was significant after 380 h. Such a
behavior suggests that the coating corrosion resistance
is directly related to the chromium content in the
conversion layer. These results are in good agreement
with EIS measurements and polarization curves.
Conclusions
Results derived from the study allowed us to infer the
following conclusions:
• The presence of fissures in the UF and UY
conversion layers creates fast pathways for the
electrolytes to reach the zinc substrate, leading to
its quick dissolution.
• The more important changes, shown by the imped-
ance spectra, took place after 60 min exposure to
the electrolyte. Such changes were greater for
samples Z80 even though they showed the best
anticorrosive behavior at increasing exposure times.
• Surface analyses, used together with electrochem-
ical techniques, proved to be a very useful tool to
characterize the alternative conversion treatments
and their results were in good agreement with those
obtained from the salt spray test. By comparing all
of these experimental results, it was clear that Z80
samples presented lower corrosion rates than UY
and UF samples. This behavior was attributed to
the coatings’ higher Cr(III) content, thickness, and
continuity.
• The investigated conversion treatments, based on
Cr(III), seem to be an interesting alternative to
those using Cr(VI). However, the authors think that
other experiments need to be performed in order to
evaluate their effectiveness when they form part of
specific painting schemes.
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